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E-mail address: mhervas@us.es (M. Hervás).Cyanobacteria are signiﬁcant contributors to global photosynthetic productivity, thus making it rel-
evant to study how the different environmental stresses can alter their physiological activities. Here,
we review the current research work on the response of cyanobacteria to different kinds of stress,
mainly focusing on their response to metal stress as studied by using the modern proteomic tools.
We also report a proteomic analysis of plastocyanin and cytochrome c6 deletion mutants of the cya-
nobacterium Synechocystis sp. PCC 6803 grown under copper or iron deprivation, as compared to
wild-type cells, so as to get a further understanding of the metal homeostasis in cyanobacteria
and their response to changing environmental conditions.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Environmental stresses inﬂuence a plethora of physiological
activities in living organisms. To face stress, the functioning of
some proteins is inhibited or lost and that of others are enhanced
or induced. The genome and proteome of several cyanobacteria,
during normal grow or acclimation to different stresses, have been
analyzed in deep. In particular, the proteome and transcriptome of
Synechocystis sp. PCC 6803 (hereinafter referred to as Synechocystis)
have been studied under a variety of conditions, including heat
shock, and salt or metal stress (see a review in [1]). Synechocystis
is a moderately halotolerant cyanobacterium and has actually be-
come a model system for investigating the environmental stress
responses of photosynthetic organisms. Most of these studies are
mainly focused on the soluble protein fraction, but some others
deal with the membrane protein fraction [2,3].
Metals have a crucial role in cell metabolism by acting as redox
cofactors in proteins involved in key metabolic pathways [4]. In
particular, iron and copper participate in essential processes,
namely photosynthesis and respiration. However, metals at highchemical Societies. Published by E
horesis; Cyt, cytochrome c6;
em II; ROS, reactive oxygenconcentration promote the generation of reactive oxygen species
(ROS) and, subsequently, oxidative damage, a process that is
responsible for several pathologies and degenerative diseases
[5,6]. Thus, the key role of metal homeostasis in maintaining the
intracellular concentration of metal ions within a range compatible
with cell viability becomes evident.
In this article, we brieﬂy review the research work on the re-
sponse of cyanobacteria to different kinds of stress and, in particu-
lar, to metal stress as studied by using the proteomic approaches.
In addition, we describe the functional characterization of two Syn-
echocystis knockout mutants for either plastocyanin (Pc) or cyto-
chrome c6 (Cyt), which are two alternative soluble proteins
involved in electron transport—both in photosynthesis and respira-
tion—that can replace each other depending on the relative avail-
abilities of iron and copper in the culture medium. Finally, we
present some data on the comparative proteomic analysis of Syn-
echocystis wild-type (WT) and mutant cells growing with or with-
out copper, thus yielding relevant information on the metal
homeostasis in cyanobacteria and the response of these organisms
to changing environmental conditions.
2. Response to salt stress
The understanding of the response of cyanobacteria—which can
be used as a simple model for plants—to salt stress is of outmost
relevance, as deciphering their adaptive mechanisms will surelylsevier B.V. All rights reserved.
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design and construct plants resistant to such an environmental
limitation. Former studies with two strains of Anabaena revealed
that salinity-induced modiﬁcation of protein synthesis occurs in
cyanobacteria, like in plants, and that some proteins synthesized
during salt stress may be essential for cyanobacterial osmotic
adaptation [7].
In the last years, the study of the response of cyanobacteria to
environmental stress at the transcriptional level has been potenti-
ated by the development of methods that include reverse transcrip-
tase-polymerase chain reaction (RT-PCR) and DNA microarrays. In
fact, genome-wide analysis of gene expression at the transcrip-
tional level with DNA microarrays has allowed identifying almost
all genes induced by a particular stress in cyanobacteria [8]. Actu-
ally, the transcriptome of Synechocystis under salt stress has been
analyzed in deep (see [1], for a recent review). Treatment of Syn-
echocystis with 0.5 M NaCl for 15 min induces the expression of
ca. 360 genes and represses the expression of other ca. 200 genes
[9]. Heat shock genes, namely hspA, htpG, dnaK2, dnaJ and groEL2,
as well as genes for proteases, namely clpB1 and htrA, are among
the genes whose expression is rapidly and strongly induced by salt
stress. Likewise, the expression of genes coding for high light-
inducible proteins, superoxide dismutase and RNA polymerase sig-
ma factors is induced by salt stress [9–12].
The MALDI-TOF analysis, along with large two-dimensional gel
electrophoresis (2-DE), has become a powerful tool for the auto-
mated identiﬁcation of proteins. In the last years, the proteome
of Synechocystis under salt stress has been characterized in deep
[3,13,14]. In the periplasmic fraction of Synechocystis salt-adapted
cells, six proteins were greatly enhanced and three proteins were
newly induced. Most of the salt-enhanced proteins are enzymes in-
volved in the alteration of the cell wall structure [13] (Fig. 1).
Analyzing the total soluble fraction of Synechocystis cell
extracts, 55 soluble proteins were found with either an expression
level enhanced by salt shock (18 proteins) or even accumulated at
high concentration after long-term salt acclimation (37 proteins)
[14]. A small number of the proteins are salt stress-speciﬁc, such
as enzymes involved in the synthesis of glucosylglycerol, but most
of them are involved in general stress acclimation [14]. In particu-
lar, a number of proteins against heat shock (DnaK2, GroEL1,
GroEL2, HspA and GroES) or against lesions by ROS (superoxide
dismutase and peroxiredoxin) were induced by salt stress. Even
some changes in enzymes involved in basic carbohydrate metabo-
lism were detected [14]. A comparison of the proteome and
transcriptome analyses of salt-stressed cells reveals an increaseFig. 1. Proteins whose expression level is increased and metabolic processes altered by he
proteins whose expression is enhanced by either type of stress. See text for details.in mRNA concentration for most of the 18 short-term-induced pro-
teins [11]. However, for 40% of the proteins that were accumulated
in salt-acclimated Synechocystis cells, gene induction was not
observed in the DNA microarray experiments, thereby indicating
the involvement of posttranscriptional regulation in salt acclima-
tion [14].
A complete proteomic analysis of salt-stress proteins in plasma
membranes of Synechocystis cells resulted in the identiﬁcation of
109 proteins. The expression of 20 of these proteins was enhanced,
and that of 5 was reduced during salt stress [3]. Seven of the salt-
enhanced proteins were periplasmic-binding proteins of ABC-
transporters. Within this group, the proteins that exhibited the
highest expression enhancement included FutA1 (iron-binding
protein) and Vipp1 (vesicle-inducing protein in plastids 1), which
have been suggested to be involved in protection of photosystem
II (PSII) and in thylakoid membrane formation, respectively. Other
proteins induced by salt-stress were regulatory proteins [3]. The
increase in salinity, on the other hand, does not induce any notice-
able change in the large integral membrane protein complexes, as
compared with the cells cultured in the absence of added NaCl [2].
However, the development of new methods to analyze the prote-
ome of integral membrane proteins will allow a more detailed
study [15].
The salt-stress induced proteins cited above seem to be charac-
teristic for all photosynthetic organisms since similar proteins
were identiﬁed in the proteome of salt-stressed algae and plants,
thus validating the use of cyanobacteria as a simple model for this
kind of studies in plants [14].
3. Proteomics of the heat shock response
Cyanobacteria must respond to different temperature ranges
and heat exposure. Actually, thermophilic cyanobacteria grow in
hot springs and deserts, whereas mesophilic cyanobacteria can tol-
erate temperatures up to 50 C [16]. Heat shock response has been
already studied in cyanobacteria both at the transcription/expres-
sion level of speciﬁc genes and proteins and at the transcriptomic/
proteomic level of the whole cell (see Ref. [1], for a review).
Heat-exposed cyanobacteria exhibit differential increased
expression of two heat shock proteins encoded by the groEL1 and
groEL2 genes (chaperones) [17–19], whose regulation involves
the CIRCE/HrcA system [20]. Inactivation of several other genes,
such as clpB (protease), hspA, htpG, dnaK2 (chaperones), sigB and
sigC (sigma factors), induces thermal sensitivity [21–24]. In addi-
tion, the Hik34 histidine kinase is believed to down regulate theat, metal and salt stress in cyanobacterial cells. The ‘Common proteins’ box contains
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deletion mutant shows increased thermal tolerance [25]. DNA
microarray analysis of Synechocystis cells conﬁrmed the transient
induction of all these genes, as well as of many others encoding
proteins involved in general cellular processes [20,26] (Fig. 1).
Expression of all the above mentioned genes is also induced by sev-
eral types of stress (see below), and so none of them seems to be
speciﬁc of heat response [1].
Two simultaneous proteomic analyses of the heat shock-induced
response have been performed using the soluble protein fraction of
Synechocystis cell extracts [25,26]. Slabas et al. [25] found a total of
111 protein spots corresponding to 65 different proteins with
altered expression upon heat shock, whereas Suzuki et al. [26] iden-
tiﬁed changes in 90 heat-inducible proteins—in both cases, the ma-
jor changes occurred around one hour after heat shock. An increase
in the expression level of soluble proteins previously related with
heat stress (chaperones and proteases)—namely, HspA, GroEL1,
GroEL2, GroES (co-chaperone), HtpG, DnaK2 and ClpB—was con-
ﬁrmed in both studies. It also was observed an increase in the
expression level of other proteases and enzymes involved in several
metabolic processes: protein synthesis (ribosomal subunits, tRNA
synthetases, elongation factors), amino acid biosynthesis (D-3-
phosphoglycerate dehydrogenase, arginosuccinate synthetase,
aspartate kinase), proteins from the water-splitting complex (PsbO)
or the reaction center (PsbW) in PSII, and energy metabolism (ATP
synthase subunits, components of the glycolytic/pentose phosphate
pathway) [25,26]. Decreased expression levels were, however, ob-
served for phycobilisome and Rubisco proteins [25].
The proteomic study performed by Suzuki et al. [26] was com-
plemented by the transcriptomic analysis of heat-induced genes by
means of DNA microarray analysis. So the levels for proteins and
mRNAs were closely related in the case of both chaperones and
proteases, but not for the elongation factors whose regulation
would thus take place at the protein level [26].4. Response to metal stress
Cyanobacteria, which perform oxygenic photosynthesis, require
far more metals than non-photosynthetic organisms for the metal
cofactors of photosynthetic protein supercomplexes: iron for iron–
sulfur clusters, cytochromes and non-heme irons; manganese for
the water-splitting complex; copper for Pc, and magnesium for
chlorophylls [27]. In water, the metal availability and toxicity vary
as a function of oxygen level, pH and the presence of other ions,
such as calcium and phosphate, which greatly reduce zinc toxicity.
In soils, the availability of metals ﬂuctuates both temporally and
spatially over short distance and time scales due to rapid changes
in soil moisture content, making it necessary for living organisms
to sense metal ion concentration and consequently adapt their cell
metabolism to changing conditions [27]. Excess or limited metal
availability generates a metal stress in cyanobacteria, whose re-
sponse to this challenge has been studied by several authors [1]
(Fig. 1). In this sense, most work has been focused on the identiﬁ-
cation of sensors and signal transduction pathways for each ion by
using genomic tools—namely, targeted mutagenesis, knockout li-
braries of speciﬁc sets of genes, and DNA microarrays—rather than
massive proteomic studies [28].
Cadmium, as an example of toxic metal, has still unknown bio-
logical functions but it is being studied as an industrial pollutant
that causes adverse effects on cyanobacteria [29]. When Synecho-
coccus sp. 7942 (hereinafter Synechococcus) is exposed to several
divalent metal cations, transcription of GroEL and the metallothio-
nein operon is enhanced if cadmium concentration is above 1 lM,
the same effects being observed for copper above 10 lM and zinc
above 100 lM [30]. Zinc is another potentially toxic ion; whenSynechocystis grows at maximum permissive concentration of zinc,
transcription of the ziaA operator–promoter becomes greatly in-
creased. The ziaA and ziaR genes confer increased zinc tolerance,
as ZiaA mediates surplus zinc expulsion to the periplasm. Under
the same conditions, ORF sll0793 is co-transcribed, thereby suggest-
ing a role of this gene in zinc homeostasis. In Synechococcus, there is
another zinc sensor, SmtB, which is closely related to ZiaR and reg-
ulates SmtA, which in turn triggers internal zinc sequestration by
metallothionein [31]. Regarding nickel, cobalt and zinc sensing
and tolerance in Synechocystis, García-Domínguez et al. [32] identi-
ﬁed a gene cluster composed of nine ORFs. Overexpression of the
nickel response operon was also observed in the presence of cobalt.
Manganese is another essential cofactor for several enzymes,
such as catalase and superoxide dismutase, and is an integral com-
ponent of the oxygen-evolving complex of PSII. Using a DNAmicro-
array approach, Yamaguchi et al. [33] screened the knockout
libraries of His kinases and response regulators of Synechocystis
to identify possible participants in manganese homeostasis. A
two-component system was identiﬁed: ManS, a His kinase for
the sensing of extracellular manganese, and ManR, a response reg-
ulator for the regulation of the expression of the mntCAB operon
responsible for the manganese transporter.
Cyanobacteria respond to copper deﬁciency as well as to copper
excess. The cells need copper as an essential micronutrient for the
synthesis of Pc and cytochrome c oxidase, among others, but cop-
per becomes toxic at high doses. Actually, copper is used as an
effective algaecide, and copper contamination is an important con-
cern for algae and cyanobacteria populations [29]. When copper
concentration is under certain threshold in the medium, many al-
gae and cyanobacteria synthesize the soluble electron carrier Cyt
instead of Pc to play the same physiological role [34].
The best studied case of metal stress response corresponds to
iron deﬁciency, as it is an essential metal for all photosynthetic
organisms. Iron is abundant in nature, but it is usually a limiting
factor for photoautotrophic growth because of its poor solubility
in aerobic environments. In Synechocystis, iron limitation enhances
the expression of isiA, a gene that codiﬁes for an additional antenna
system around photosystem I (PSI); of isiB, a gene coding for ﬂavo-
doxin, which is a ﬂavin-containing protein that replaces ferredoxin
[35]; and of idiA, a gene coding for an integral subunit of PSII [36]. It
is noteworthy that the two former genes, isiA and isiB, are also
overexpressed under oxidative stress. Katoh et al. [37] have identi-
ﬁed the futA1, futA2, futB and futC genes coding for an ABC-type fer-
ric iron transporter, which plays a major role in iron acquisition in
Synechocystis. All the fut genes are induced under iron starvation. In
Synechococcus, the dpsA gene encodes a stress-inducible DNA-bind-
ing protein whose transcription increases a little during the sta-
tionary phase but as much as 12-fold under low iron conditions.
Also the functioning of dpsA is essential for cell growth when iron
is a limiting factor [38]. Singh et al. [39] performed a microarray
study in Synechocystis to identify the genes that could be transcrip-
tionally altered under iron deﬁciency. Upon transcript analysis of
3165 genes, 85 of them showed some statistically signiﬁcant
change in its transcription level. In low iron concentration, the
genes for ATP synthetase and phycobilisome were down regulated,
and signiﬁcant changes were observed in the transcription level of
genes involved in chlorophyll biosynthesis, PSI and PSII assembly,
and energy metabolism. As a general observation, iron stress seems
to repress some photosynthetic genes that are further induced by
iron re-addition. A large number of transport genes, including
many ABC transporters, are iron-regulated. It seems that part of
the iron starvation response is to bring ions and other metabolites
into the cell so as to induce a particular modiﬁed metabolic state,
resulting from the joint action of speciﬁc regulatory genes that are
transcriptionally active during iron deﬁciency; two of these genes
are homologues to those of plant phytochromes (cph1 and cph2).
Fig. 2. One-to-one comparison of the proteomes of SynechocystisWT and deletion mutants as a function of copper availability. (A) WT cells grown either in the presence or in
the absence of copper; (B) WT and DpetJ cells grown in the presence of copper; and (C) WT and DpetE cells grown in the absence of copper. In each case, the pie chart displays
the differential changes in the steady state levels of soluble proteins as classiﬁed by metabolic activities.
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bacterial response to stress show that there are few speciﬁc pro-
teins whose synthesis is induced or repressed by a speciﬁc stress,
whereas most of the proteins with enhanced expression belong
to the known group of general stress induced proteins, whose
alteration is common to different stress conditions [1] (Fig. 1).5. Proteomics of knockout mutants for plastocyanin and
cytochrome c6 in Synechocystis
Due to the relevance of copper and iron homeostasis in cyano-
bacteria, we have studied the effect of copper deprivation on the
proteome of Synechocystis [40]. Particular emphasis has been made
on the combined effect of copper deﬁciency and deletion of the
Pc- and Cyt-coding genes, whose expression is regulated by metal
availability [41,42]. Thus we have analyzed, in a comparative way,
the Synechocystis WT strain and the two knockout mutants,
namely, DpetE, lacking the Pc-coding gene, and DpetJ, lacking the
Cyt-coding gene. The proteomic study was made by representative
large 2-DE gels and MALDI-TOF analysis of differentially repre-
sented spots, rendering a subset of induced and repressed proteins
under the stressing condition. Previously, an in-deep characteriza-
tion of the two knockout strains was carried out.
Copper is not strictly required by Synechocystis cells when
growing under photoautotrophic conditions. Actually, the WT cells
can grow at a similar rate with or without copper by shifting
between Pc and Cyt, respectively, as the electron donor to PSI
and terminal oxidase. When WT cells grow in the presence of cop-
per, Pc is synthesized; but if copper is absent, Pc is replaced by Cyt.
Thus, the two deletion mutants can grow at the same rate as the
WT when cultured in media that allow them to express anyone
of the two electron carriers—DpetE is able to express Cyt in the
absence of copper, and DpetJ synthesizes Pc in the presence of cop-
per—but grow at a much lower rate when forced to do it without
any electron donor [43]. Several proposals have been made to ex-
plain the fact that these two deletion mutants can survive with
neither Pc nor Cyt as the double knockout mutant has never been
achieved. Some authors have suggested the existence of a third
(but relatively inefﬁcient) electron donor to PSI [44,45], and it
has also been proposed the formation of a supercomplex between
cytochrome b6f and PSI to allow direct electron transfer withoutany redox carrier [46]. Finally, the existence of an alternative elec-
tron transfer pathway has been discussed as well [47].
We have analyzed the in vivo PSI reduction kinetics of the Syn-
echocystis WT and mutant strains [43]. When the WT cells grow
with copper, Pc reduces PSI by following the typical monoexponen-
tial kinetics of simple colisional mechanisms [43]. In copper-de-
pleted medium, it is Cyt which reduces PSI but following a
biphasic kinetic, which corresponds to a more complex reaction
mechanism [43,48]. In DpetE and DpetJ cells grown under condi-
tions that allow the expression of just one of the two electron do-
nor proteins, the in vivo PSI reduction follows kinetics similar to
those observed in the WT strain for the same donor protein, but
no PSI reduction is detected in mutant strains when neither Pc
nor Cyt is expressed [43].
The membrane organization of the two mutant strains has fur-
ther been compared to that of WT cells by sucrose gradient centri-
fugation. The band pattern of thylakoidal and plasma membranes
of WT cells is not substantially altered by the absence or presence
of copper in the culture medium, and that of the deletion mutants
is also unaltered when expressing Pc or Cyt. On the contrary, the
gradients of mutant cells in which neither Pc nor Cyt is expressed
exhibit a rather different pattern and a signiﬁcant modiﬁcation of
membrane organization (Castielli et al., unpublished).
Taking into account that the cyanobacterial respiratory and
photosynthetic electron transfer chains share a number of redox
components, namely Cyt, Pc, plastoquinone and cytochrome b6f
[49,50], the ability of the WT, DpetE and DpetJ strains to grow in
glucose-supplemented medium was also investigated. Under such
heterotrophic conditions, glucose is used as an organic carbon
source [51] and the electrons are transported from the sugar
molecule to dioxygen throughout the respiratory pathway. None
of the strains (including the WT) can grow in copper-free medium,
as expected from the speciﬁc requirement for copper of cyto-
chrome c oxidase [50]. In copper-supplemented medium, however,
the WT and DpetJ strains synthesize Pc and show a normal growth
rate, but the DpetE strain produces neither Cyt nor Pc and is thus
unable to grow because of the absence of any electron donor to
cytochrome c oxidase.
Finally, the metabolic changes resulting from Synechocystis WT
cells adaptation to copper availability, as well as those of the two
knockout mutants forced to grow with neither Pc nor Cyt, have
been studied by comparing the 2-DE gels of their cytoplasmic
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proteins were ﬁrst resolved by isoelectric focusing on a pH range
from 4 to 7, followed by SDS–PAGE as the second dimension. Qual-
itative differences as well as quantitative comparison of spots were
analyzed using the PDQuest software package (Biorad) to estimate
the fold-change levels of protein expression. The selected spots
were further identiﬁed by MALDI-TOF [52].
The differences in the proteomic analyses of WT cells growing
with and without copper reveal that copper induces not only the
over-expression of 19 enzymes involved in the main metabolic
pathways (amino acid synthesis, carbohydrate metabolism, nitro-
gen and carbon ﬁxation) (Fig. 2), but also the synthesis of the
GroEL1 chaperone and of ClpP, an ATP-dependent protease in-
duced under different stress conditions [53]. On the contrary, the
lack of copper in the culture medium enhances the expression of
an ABC transporter, which has been identiﬁed as a major contrib-
utor to ferric iron transport across the plasma membrane [37].
When comparing the proteomes of WT andDpetE cells grown in
the presence of copper, substantial changes were observed in 43
proteins involved in the main metabolic pathways (amino acid
and carbohydrate metabolisms, nitrogen cycle, carbon ﬁxation
and cofactors synthesis) (Fig. 2). In particular, changes of proteins
involved in photosynthesis and enzymes related with the regula-
tion of the coupling of phycobilisomes to PSII were observed in
the mutant cell extracts.
In a similar way, the proteomes of WT and DpetJ cells grown in
the absence of copper were compared. In this case, a different
expression level was observed in 29 proteins involved in the main
metabolic pathways (Fig. 2). Actually, the proteins involved in
carbohydrate metabolism, along with the antenna proteins and en-
zymes participating in the synthesis of different pigments are sig-
niﬁcantly changed in the mutant cells.
Further analyses are still in progress, but it seems that Synecho-
cystis cells grown with neither Pc nor Cyt mainly suffer from redox
stress because of blocking of the electron transport chains and,
consequently, energy supply limitation (Castielli et al., unpub-
lished). Accordingly, the over-expression of thioredoxins, peroxire-
doxin, superoxide dismutase and DnaK, among others, has been
observed under these conditions.Acknowledgments
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